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Introduction
High volumes of sedentary time -time spent sitting or lying down while expending little energy 1 -are associated with excess adiposity and other aspects of chronic disease risk, particularly when the sedentary time is accumulated in prolonged unbroken bouts [2] [3] [4] . Much of the documentation of the detrimental health consequences of too much 'static sitting'
originates from the field of ergonomics, with a focus on musculoskeletal outcomes , and some cancers 9, 10 , and with premature mortality 11 .
In industrialised countries, most working adults spend a high proportion of their waking hours in the workplace 12 , in increasingly sedentary occupations 13 . Using objective measures, it has been observed that white-collar workers sit for the majority of their work hours and often in long, unbroken bouts [13] [14] [15] [16] [17] . Accordingly, intervention studies conducted from both ergonomic and public-health perspectives have focused on reducing sedentary time in this occupational sector. Along with rapid advances in technology, office work increasingly involves (desk-based) computer work 14 . Many of the studies aiming to reduce workplace sedentary time have therefore used activity-permissive workstations. These include treadmill desks, stepping or pedal devices that are fitted underneath the desk, and height-adjustable workstations, which enable office workers to stand, walk, or pedal while working at their usual computer-and other desk-based job tasks. Overall, findings from both laboratory and field-based studies using such workstations suggest a range of positive benefits including reductions in workplace sedentary time 18 , lower body mass index 19 , and reduced musculoskeletal discomfort 20 . A recent (narrative) literature review concluded that workstations such as treadmill or pedal desks have the potential to elevate office workers' energy expenditure by approximately 2-4 kcal/minute 21 . That review further reported that the use of activity-permissive workstations is generally well accepted among participants, with mixed impacts regarding work-performance measures. However, to date, the extant evidence has not been systematically summarised, in particular with regard to sedentary time, adiposity and other health-related outcomes.
The objective of our review was thus to systematically review the impact of activitypermissive workstations on office workers' sedentary time, adiposity and other health-and work-related outcomes; and, feasibility outcomes (acceptability to workers and potential adverse events).
Methods

Definitions
Sedentary behaviour is defined as any waking behaviour characterised by sitting or reclining while expending little energy (≤1.5 metabolic equivalents) 1 . Given the considerable variation in sedentary behaviour terminology and the measurement methods thereof across the relevant publications, two overarching terms are used throughout this review: 'overall sedentary time' and 'workplace sedentary time'. Overall sedentary time refers to changes across the whole day (i.e. not just in the workplace) while 'workplace sedentary time' specifically refers to sedentary time occurring in the workplace. Notably, in two studies a direct measure of sedentary time was not available 22, 23 . Here, increases in activity (i.e. via the use of the workstations) were presumed to reflect reductions in workplace sedentary time.
The following workstations were regarded as activity-permissive: fixed standing desks (with or without provision of height-adjustable chairs), workstations adjustable to full standing height, treadmill desks, cycle ergometers, and pedal devices fitted underneath the desk that can be used while doing usual desk-based job tasks.
Inclusion and exclusion criteria
Studies were included in this review if they: evaluated overall and/or workplace sedentary time, health-related (e.g., weight, musculoskeletal symptoms, blood risk markers), workrelated (e.g., productivity, absenteeism), or feasibility outcomes (e.g., acceptability, adverse events) following the provision of an activity-permissive workstation; included an adult sample (aged ≥18 years); engaged in administrative (i.e. not manufacturing, but with reliance on engagement with a computer) tasks while using the activity-permissive workstations;
reported at least two data collection points (i.e. baseline and follow-up); and, were published in an English-language peer-reviewed journal. As much of the documentation from the ergonomics research field is published in conference proceeding papers only, relevant studies published in peer-reviewed conference proceedings papers were also included.
Search strategy
The following databases were searched on 18 AMED. An initial search was divided into two categories, separated by the Boolean phrase 'AND': (i) activity-permissive workstations (e.g., treadmills, height-adjustable desks), and (ii) workplace settings (e.g., workplace, office). There was no limiter on publication years.
This search resulted in a total of 1655 peer-reviewed publications. A second search was run to identify any papers related to workplace sedentary time that did not mention activitypermissive workstations specifically in the abstract and/or title. This search contained two clusters pertaining to sedentary time occurring in the workplace (e.g., office sitting, sedentary workplace) and the study design (e.g., intervention, study). A summary of the search strategy is provided in Supplementary Table 1 .
Study selection and data extraction
The study selection process is shown in Figure 1 . The search identified a total of 4633 publications, of which 2707 were initially excluded for being duplicates (n=2309), not being peer-reviewed (n=159), and for being published in a language other than English (n=239).
This step was conducted by MN. Consecutively, NR and MN independently excluded irrelevant publications by screening titles and/or abstracts. This resulted in n=78 unique publications remaining, which were screened in full text by MN and GNH independently, with an agreement regarding inclusion of 96% (calculated as studies agreed upon/studies screened in full text). Any disagreements (n=2) were resolved through discussion.
*** INSERT FIGURE 1 ABOUT HERE *** Outcomes included in the review
Overall and workplace sedentary time: as defined above. If both subjective and objective measures of sedentary time were reported, objective measures were prioritised for the summary and meta-analysis in this review. Similarly, reported changes in workplace sedentary time were prioritised over overall sedentary time. Workplace sedentary time changes reported in percentage were standardised to an eight-hour work day (if not already done so in relevant publications). If studies included a further assessment in addition to a preand post-intervention assessment, the end-of-intervention outcomes are included in the main summary, with additional assessment outcomes reported separately.
Health-related outcomes: these included weight, waist circumference, blood-derived biomarkers, musculoskeletal symptoms, fatigue and other physiological measures reported.
Given that the primary interest was in the implementation of activity-permissive workstations in real-world contexts, and the acknowledgement of a recently published review on the impact of such workstations on energy expenditure 21 , studies exclusively examining energy expenditure were not considered for inclusion.
Work-related outcomes: defined as work-performance (e.g., concentration or production levels), presenteeism, absenteeism, or cultural-organisational outcomes (e.g., time spent in face-to-face interactions).
Feasibility outcomes: any quantitative or qualitative employee ratings of the acceptability of the activity-permissive workstations as well as reported adverse events related to their use.
Quality assessment
Study quality of the included publications was evaluated independently by MN and GNH using a published scoring system 24 . Quality assessment was based on eight criteria relating to the reporting of study methods (description of recruitment, participants, allocation, measures, sample size) and results (description of variance, confounding, detail of results) with answer categories being 'yes', 'partial', 'no', and not applicable ('N/A'). The summary score was calculated as: total sum [(number of "yes"*2) + (number of "partial"*1)] / total possible sum [16-(number of "N/A"*2)], with a maximum possible total score of 1. Inter-rater agreement was calculated as [proportion of quality scores given the same score by the reviewers/ all quality scores provided]. Any discrepancies between the assessors were resolved through discussion.
Meta-analysis
Studies using a controlled design and reporting overall and/or workplace sedentary time were eligible for inclusion in the meta-analysis. Between-group changes in sedentary time following intervention were entered as changes in minutes during work hours and standardised to an eight-hour work day. The DerSimonian-Laird method was used to estimate the pooled effect of included studies 
Results
A total of 26 relevant publications were identified by the database search 16, 18, 19, 22, . A search of the authors' personal libraries and reference lists of identified papers resulted in an additional twelve relevant publications (n=10 20, 23, [49] [50] [51] [52] [53] [54] [55] [56] and n=2 57, 58 , respectively). Thus, this review included a total of 38 peer-reviewed publications meeting the inclusion criteria, reporting on 45 independent comparisons (i.e. comparison of one or more activity-permissive workstations with a control or usual practice comparator). Seven publications were peerreviewed proceedings of conference papers 31, 40, 42-44, 53, 55 . All relevant data were extracted by GNH and MN independently and discussed in the event of disagreement. Corresponding authors of included publications were contacted to request any relevant data not reported in the published article (details were followed up for four publications). Table 1 provides a description of the included publications. Studies included a total of 984 participants across the 38 studies (one study did not report sample size), with an average sample size of 27 per study (range: 2-66). Twenty-three studies included samples of office workers. Other groups included 'adults' (not otherwise specified; n=7), students (n=5), 'university staff' (not otherwise specified; n=2), and medical practitioners (n=1).
Study and sample characteristics and range of outcomes assessed
Studies were conducted in North-America (n=23), Europe (n=4), Asia (n=3), and Australia (n=8). Half of the studies were laboratory-experimental, with the other half being field-based (i.e. conducted within the workplace setting). Across the 45 independent comparisons, 17 evaluated height-adjustable desks (of which twelve were fully adjustable desks and five were height-adjustable desk-mounts for the computer only), two evaluated standing desks with height-adjustable chairs, eight evaluated standing desks without height-adjustable chairs, twelve evaluated treadmill desks, two evaluated pedal-devices, two evaluated cycleergometers, one evaluated a stepping device, while one study 54 evaluated both treadmills and cycle ergometers. Of the studies evaluating height-adjustable desks, only six (of 15) reported whether these were electric or operated via alternative mechanisms 16, 18, 34, 43, 45, 56 .
In the experimental studies, the duration of the workstation exposure protocols was typically short: <1 day (range 1 hour to 2 weeks). In the field studies, the mean intervention duration was 15 weeks (range: 1 day to 12 months). Three of the field studies included an additional follow-up assessment taken at 3 months Sedentary time was reported in 13 studies (across 14 independent comparisons). These were reported as overall sedentary time (n=3), workplace sedentary time (n=6), or both (n=5).
Health-related outcomes were reported in 23 studies. These included musculoskeletal symptoms (including body part discomfort, muscle load, spinal shrinkage, and bone mineral density), cardio-metabolic biomarkers (weight, body mass index, waist circumference, body composition, and blood profile), fatigue, psychological well-being (stress, emotional wellbeing, mood, and nervosity), leg/foot swelling, and other (eye strain, headache, digestion problems, sleep problems, physical well-being). Work-related outcomes were reported for 23 studies. Due to overlap in the terminology across included publications, for the purpose of this review, most work-related outcomes were summarised as a compound-category of 'work-performance'. This included reports of cognitive performance (e.g., selective attention), attention control/ concentration, accuracy, maths and reading comprehension, short-term auditory verbal memory, work pace, work-performance, production levels, typing performance, and productivity. Three other work-related outcome categories were separately summarised as absenteeism, presenteeism, and cultural-organisational (quality of interactions with co-workers, perceived group interaction, and time spent in face-to-face interaction with co-workers). Feasibility outcomes were reported for 19 studies. These included acceptability (including preference, tolerance, and enjoyment) and adverse events.
Study quality scores ranged from 0.21 to 1 ( Table 1 and Supplementary Table 2 Table 2 shows a summary of the findings for the health-and work-related outcomes. Twentythree studies included measures of health across a total of 239 outcomes. For the majority of outcomes, no significant change was observed. Notable improvements were seen for waist circumference and psychological wellbeing in 5/6 and 12/15 studies, respectively. Worsening of outcomes was observed in two (of ten) health-related outcome categories: musculoskeletal outcomes and leg/foot swelling. Musculoskeletal outcomes worsened in 16/122 outcome reports among 6/17 studies, of which two used standing desks without height-adjustable chairs, three used standing desks with height-adjustable chairs, and one used heightadjustable desks. An increase in leg circumference was observed in 1/5 leg/foot swelling outcomes, with standing desks without height-adjustable chairs being used in this study.
Adiposity and other health-and work-related outcomes
Twenty-three studies reported work-related outcomes across a total of 112 outcomes. The majority of work-performance outcomes (84/112) remained unchanged following installation of activity-permissive workstations. Deleterious impacts were observed in 21/99 workperformance outcomes across 7/23 studies, of which six used treadmill desks and one cycle ergometers.
*** INSERT TABLE 2 ABOUT HERE *** Feasibility outcomes
Nineteen studies reported on the feasibility of activity-permissive workstations in the workplace setting. Due to the typically qualitative nature of the measures used, it was not possible to summarise them numerically. However, studies reported overall positive feedback from participants, with only 1/19 studies specifically reporting less 'liking' of standing posture when compared to sitting 49 . Three studies reported negative feedback from participants regarding the workstation design 16, 18, 56 . Seven studies collected data on adverse events with one study reporting an incident of a participant asking for removal of the workstation for reasons of body pain 56 and one study reporting leg discomfort in three participants 46 . One study qualitatively examined the acceptability and usability of heightadjustable desks in the workplace as a main outcome and reported high acceptability feedback from participants 34 . In this study, the use of activity-permissive workstations was strongly driven by perceived health benefits and improved productivity and suggestions for successful implementation and continued use were given (e.g., re-arrangement of surrounding office furniture to standing height, and use of electric rather than wind-up mechanisms for height-adjustable desks).
Discussion
This is the first systematic literature review and meta-analysis to collate the evidence on the impact of activity-permissive workstations on office workers' sedentary time, health-and work-related outcomes, and their feasibility in office-based settings. It builds on an earlier narrative review that specifically focused on the potential of such workstations to increase energy expenditure, and on their use and acceptability among office workers 21 . Our findings suggest that the installation of such workstations can lead to substantial reductions in sedentary time without impacting negatively on work-related outcomes; and, that they are acceptable to workers. As many of the findings regarding adiposity and other health-related outcomes were based on evidence from short-term studies with weak-to-moderate designs and/or insufficient statistical power, the impact of activity permissive workstations on healthrelated parameters is at this point inconclusive and warrants further attention. While only three studies included an additional assessment of workplace sedentary time (i.e. 3-12 months), all of these studies observed sustained behaviour change suggesting the potential for long-term benefits. [59] [60] [61] . Furthermore, the intervention effect seen in this review may be clinically relevant, with a recent meta-analysis reporting that the risk of all-cause mortality increased by 5% for each 1-hour increment in daily sitting time per day for adults who sit seven or more hours per day 11 . However, our findings should be interpreted with caution, given the methodological quality and sample size issues in many of the studies included in this review.
Strikingly few detrimental effects on health-related outcomes were reported across included studies and only in those with a short duration (i.e. <12 weeks), suggesting that the use of activity-permissive workstations is unlikely to cause harm in the workplace. However, as few of the studies included were sufficiently powered to detect changes in health-related , and may be the result of higher skeletal muscle activation of the postural muscles through more frequent postural changes and higher volumes of standing time [66] [67] [68] . However, the evidence is still limited and more studies are needed to confirm these results.
Worsening of health-related outcomes was only observed in 2/10 categories (musculoskeletal symptoms and leg swelling). Notably, increases in musculoskeletal symptoms were predominantly observed in studies using standing (i.e. not height-adjustable) desks. While the amount of standing time, (as well as the pattern of time spent sitting, standing, and moving throughout the working day) may be an important predictor of these or other adverse health outcomes 69, 70 , none of the studies included in this review reported such information in detail. Intervention effects were also statistically non-significant for the majority of work-related outcomes. However, our review findings suggest that the use of treadmill desks or cycle ergometers during work time may lead to some decreases in work-performance: Of the 112 work-related outcomes that were measured, 21 worsened. Of these, 16 were reported in studies using treadmill desks 36, 41, 46, 48, 51 , with the other five reported in studies using cycle ergometers 46, 53 .. A recent study suggested that a certain acclimatisation period may be necessary for the improvement of work-performance parameters when such activitypermissive workstations are used 75 . Notably, the studies reporting worsening of work-related outcomes were all of acute duration of either one 41, 46, 51, 53 or two days 36, 48 . Future studies using a longer-term follow-up should examine if a longer acclimatisation period will lead to an offset of these negative impacts.
Half of the studies included in our review assessed at least some aspect regarding the feasibility of the implementation of activity-permissive workstations in office-based workplaces, with predominantly positive feedback from participants reported. However, some studies identified some negative feedback from participants on aspects of workstation design, suggesting that a range of workstation models should be considered and tailored to individual needs and work tasks. In relation to this, it is notable that only a minority of included publications reported on the mechanisms (i.e. electric vs. non-electric) of the heightadjustable workstations used, or the time it takes to adjust their height.
Longer-term maintenance of health behaviour change has been challenging in the context of other prevalent health risk behaviours such as physical activity and diet and still not consistently measured and reported 76 . In this review, we identified only three studies in which an additional assessment of workplace sedentary time was included, beyond an initial intervention period. Extended follow-up (i.e. >1 year) in future studies will further enable evaluation of the impact of activity-permissive workstations on longer-term outcomes such as cardio-metabolic disorders, and productivity (including absenteeism and presenteeism), some of which are outcomes particularly relevant for informing the business case for their use.
The main strengths of this review include the extensive and cross-disciplinary literature search, the systematic summary of sedentary, health-related, work-related, and feasibility outcomes across several hundred outcome measures; and, the meta-analysis of sedentary time outcomes. However, when interpreting the results, the followinglimitations should be considered: 1) Non-English publications were excluded from review; the search was limited to peer-reviewed publications. 2) Twelve of 38 included publications were identified through the authors' libraries and cross-references rather than the database search. This speaks to the multi-disciplinary nature of the field and of the diverse and inconsistent use of terminology.
While an extensive search strategy was applied to address this challenge, other relevant studies may have been missed. 3) Some relevant evidence is likely to exist in the grey literature (e.g., business reports 77 ) and whilst not peer-reviewed, such evidence could provide further useful insights particularly into work-related and feasibility outcomes. 4) As most work-related outcomes were summarised as a compound category of 'work-performance', potential differences between aggregated outcomes may have been missed. 5) While four studies received the maximum quality score, the list of quality scoring categories was not comprehensive and items such as duration of follow up and generalisability of the study results were not explicitly scored. 6) As per inclusion criterion, all participants of included studies had to be engaged in administrative (i.e. not manufacturing, but with reliance on engagement with a computer) tasks while using the activity-permissive workstations.
However, the work tasks performed may have slightly differed between laboratory-based studies (e.g., fine-motor skills test) and field studies (i.e. 'typical' administrative tasks), which may have influenced sedentary time as well as other outcomes. 7) Finally,as most work-related outcomes were summarised as a compound category of 'work-performance', potential differences between aggregated outcomes may have been missed. Based on the findings from this review, the following recommendations are provided for future studies. 1) In relation to the second limitation above, the use of common terminology for the reporting of outcomes is needed to facilitate comparability of future studies. 2) Most studies including sedentary time measures reported on reductions in total sedentary time only. However, the pattern through which sedentary time is accrued throughout the day (i.e. through multiple smaller bouts and frequent posture changes) is also important for healthrelated outcomes 4, 78 and should be reported in future studies. 3) Larger-scale randomised controlled trials with long-term follow up (≥1 year) assessments are needed to fully understand potential long-term impacts of activity-permissive workstations and related reductions in sedentary time on health-related and work-related outcomes. 4) Finally, a number of different workstation types were included in this review, with models varying in both functionality and cost. Considering that the incorporation of activity-permissive workstations is likely to depend on both office design and work tasks undertaken, it is important for future studies to describe details on the make, model, target population, and typical work tasks conducted during workstation use.
Conclusion
The installation of activity-permissive workstations in office-based workplaces is likely to be 
Excluded: full-text article retrievedirrelevant (n=52)  no activity-permissive workstation used (n=25)  <2 data collection points of outcomes relevant for review (n=14)  not peer-reviewed journal article/conference proceeding (n=11)  reporting on study already reviewed (n=2) 26 relevant publications identified through database search Publications added through authors' databases (n=10) 36 relevant publications Publications added through reference lists in included publications (n=2) 38 relevant publications reviewed Health: 6 months: weight +; waist +; body composition: body fat ns, fat mass ns, fat free mass +; blood profile: glucose ns, haemoglobin A1c +, total cholesterol ns, triglycerides ns, HDL ns, LDL ns; 12 months (in comparison to outcomes at baseline): weight +, waist +; body composition: body fat ns, fat mass ns, fat free mass ns; blood profile: glucose ns, haemoglobin A1c ns, total cholesterol ns, triglycerides ns, HDL +, LDL ns Work: 6 months: work-performance: 2x overall both ns, 2x quality both ns, 2x quantity both ns; 2x interaction both ns; 12 months: work-performance: 2x overall both ns, 2x quality both ns, 2x quantity both ns; 2x interaction both ns Feasibility: adverse events: none, tolerance + NA Feasibility: no adverse events; overall positive feedback: workstation is too noisy (mean score 1.8/5), productivity improved (mean score 2.9/5), increased fatigue at end of day (mean score3.0/5), workstation did not interfere with patient care (mean score 3.9/5), preference for APW (mean score 4.4/5) * publications included in meta-analysis; † same study population as above; F= female; M= male; CT= controlled trial; RCT= randomised controlled trial; APW= Activity-permissive workstation; HAD= fully height-adjustable desk; HADM= Height-adjustable desk mount for computer only; %le= percentile; BMI= body mass index; LDL= low-density lipoprotein; VLDL= very low-density lipoprotein; HDL= high-density lipoprotein; NA= not applicable; + = statistically significant improvement in outcome; -= statistically significant worsening in outcome; ns=statistically non-significant
